Anisotropic diffuse scattering of the 1D conductor K-hollandite has been measured at a synchrotron source and compared with measurements with a rotating anode. The intensity gain of more than one order of magnitude and the ability to adjust the wavelength provide the counting statistics in a few hours that are necessary for a quantitative analysis of diffuse phenomena. The main advantage of a synchroton source is the high resolution throughout reciprocal space (low and high Q). Thus, commensurate/incommensurate positions of diffuse layers may be distinguished, weak diffuse maxima become detectable and small peak shifts of diffuse modulations clearly visible. Correlation functions may be determined directly from the diffuse profiles without tedious resolution corrections. These features are essential for a dedicated instrument at a storage ring.
Introduction
Diffuse scattering from crystals indicates deviations from the strict periodicity in space and time at least in an averaged sense. Cooperative disorder phenomena cause diffuse scattering which is usually anisotropically distributed in reciprocal space and weaker than Bragg scattering by some orders of magnitude. In consequence, for quantitative analysis, high primary intensity, low background scattering, an optimum energy (wavelength), good resolution and well adapted scanning procedures are essential. Previous reports on diffuse scattering from local atomic arrangements using synchrotron radiation are given by Matsubara & Georgopoulos (1985) and Ohshima, Harada, Morinaga, Georgopoulos & 0021-8898/90/010021-05503.00
Cohen (1986) . Most of their statements are generally valid. Additional aspects relating to the measurement of highly ani~otropic diffuse phenomena are the subject of this paper.
As an example we use the 1D ionic conductor K-hollandite Ki.54Mg0.77Ti7.23O16 , which has been investigated by X-ray and neutron scattering (Rosshirt, 1988; Rosshirt, Frey, Boysen, Eckold & Steigenberger, 1988; . The structure consists of a tetragonal framework of Ti/MgO6 octahedra (space group I4/m, a--10.13, c = 2.97 ]k). The K + ions are embedded in channels parallel to the c axis substoichiometrically. Their ordering behaviour along c is responsible for a diffuse layer-line system perpendicular to c*. Broad maxima within the diffuse layers indicate lateral correlations between the chains or other structural elements. The main aims of the synchrotron experiments were to determine the exact positions of the diffuse layers, their widths and profiles, and to define the modulations within the layers: positions, extinction rules, width of the maxima parallel and perpendicular to c* and relative intensities.
Experimental
The experiments were performed at HASYLAB-DORIS (5.1 GeV, 30-50 mA) on the five-circle diffractometer (Kupcik, Wulf, Wendschuh, Wolf & P~ihler, 1983; Kupcik, Wendschuh-Josties, Wolf & Wulf, 1986 ) using a Coe(111) double monochromator. For comparison the same phenomena were studied also with a rotating anode (6 kW; Mo Ka) with a Weissenberg diffractometer with focusing Si(lll) monochromator. Whereas the five-circle diffractometer is not optimized for diffuse scattering work, the laboratory equipment is highly efficient in this type of study. Owing to a large focusing angle (1-2°), a relatively extended crystal -in one dimension -can be used without loss of resolution.
Results and discussion
A (10s r) scan perpendicular to the diffuse layers (synchrotron) is shown in Fig. 1 . The strongest layer is clearly visible at l = 0.78 as a local maximum, with a peak-to-background ratio of about 2:1. The ratio of the integrated intensity of this peak -integrated over s r -and the integrated intensity of a weak Bragg reflection (703) is about 1:103. The diffuse layer at l = 1.78 cannot be separated from the background due to a local intensity minimum at (1,0,1.78). On the Weissenberg diffractometer a 15-fold increase in counting time is necessary for comparable counting statistics: the primary intensity which is lower by a factor of 106 (0.71 A) is partly compensated for by a large solid angle (18 compared with 0.003 mrad2). The peak-to-background ratio is similar, the resolution is worse (see below).
The increasing background in the low-angle range ( Fig. 1) , due the monochromator unit and the air scattering, prevents the observation of weak diffuse layers if any are present. Their existence would help to decide between different disorder models. It is not possible to subtract the parasitic scattering by an 'empty scan' or to obtain information from other parts of reciprocal space (cf. Ohshima et al., 1986) .
The selection of an optimum wavelength with respect to scattering power, absorption and fluorescence scattering is particularly valuable in diffuse scattering work. When A was changed from 0-4 to 1.2 A in steps of 0.1 A, a distinct maximum of diffuse intensities was observed between 0.6 and 0.7A (cf. Tables for X-ray  Crystallography, 1962) gives ,topt=0-55/~. The diffuse layers were completely obscured by fluor( escence scattering using A >_ 1-2/~, e.g. the standard. wavelength Cu Ka. Usually, it is assumed that relaxed resolution AQ is tolerable in diffuse scattering work or even highly desirable in order to integrate over a larger volume in reciprocal space. This is valid only in cases where the diffuse intensity is smoothly varying in all three dimensions and under this aspect there would be no need to perform an experiment at the synchrotron source. The argument is invalid, however, when highly anisotropic diffuse phenomena are studied. High resolution has two basic advantages in this context. (i) Different disorder models may be distinguished from one another and (ii) complicated resolution corrections may be avoided. The main consequence is to keep the wavelength dispersion AA, i.e. the radial component AQI I of AQ, as low as possible.
The resolution of a focusing Ge(lll) monochromator on a rotating anode (Mo) was AA/A = 6 × 10 -3. Plane perfect monochromator crystals Ge(111) were used at the storage ring:
A0dy, = tan0M(4/zr)red~lFl2/a 3. a denotes the primary divergence of the beam, a the lattice constant, re the electron radius, the monochromator mosaic ~TM is known to be negligibly small, d and F have their usual meanings.
The components AQ± are mainly affected by the size and mosaicity of the sample and by the collimation angles. We consider, as an example, the diffuse layer at l= 0.78 where the effect of wavelength dispersion is negligible -at least for small h, k values. The experiment on the rotating anode was performed with focusing on the zeroth layer, where the influence of the crystal size is negligible (Jagodzinski, 1968) . There is some defocusing at l = 0.78 due to the sample mosaicity which is negligible in our case (r/M----1'). A further contribution comes from the 'acceptance' angle of the monochromator which was 15 mrad. On the other hand, for the synchrotron, AQ± is determined by the very low beam divergence as long as no focusing elements are used; the high resolution is not restricted to one specific section through reciprocal space.
In K-hollandite, it is a crucial point to decide between fluid-like behaviour of the channel ions or a disordered structure with more or less pronounced sion facilitates the discussion of commensurability effects. In K-hollandite it is unknown at the present stage whether or not an irreversible change to a fivefold superstructure along the chain direction occurs during cooling (Rosshirt, 1988) .
To compare the intensity of the different diffuse layers along c*, one has to consider the modulations, otherwise 'wrong' intensities are interpreted. A precession photograph of the (h, k, 0.78) plane is shown in Fig. 3(a) (exposure time 308 h!) . A quantitative analysis by conventional film methods is hardly possible: the considerable intensity variation exceeds the dynamic range of the film material; owing to the blind region, an essential part of the reciprocal space remains inaccessible; tedious corrections (Weissenberg technique) are necessary for diffuse phenomena; and, the main problem, the true diffuse intensity cannot be separated from the background without photographs close to the plane l = 0.78. An equivalent diffractometer recording is hopeless for reasons of intensity and time.
With the synchrotron we obtained an evaluatable diagram in 12 h by pointwise scanning within the diffuse plane (Fig. 3b) . This is by no means the best way to record intensities of planar diffuse phenomena (Boysen & Adlhart, 1987) . The background was measured by coarse scanning across the diffuse layer. The differential diffuse intensity is only a few percent of the modulation peaks. Small but distinct deviations of the maxima from the positions h, k = integer reveal that the K ÷ ions and other structural elements which are responsible for this superperiod do not reflect merely the lateral ordering behaviour of the framework in a kind of short-range order. These findings were only possible owing to the combined effect of high intensity and high resolution.
Summary
Previous studies of diffuse scattering with synchrotron radiation have been extended with respect to highly anisotropic and -partly -very weak diffuse phenomena. The main advantage of a synchrotron facility is the high resolution over a wide Q range, which is necessary to decide between different disorder models, in contrast to studies of local atomic arrangements, where usually only small parts of the reciprocal space have to be measured. Of great importance is the possibility of selecting an optimum wavelength to adjust the best contrast. A real shortcoming for studying diffuse scattering is the usual instrumental background. The intensity gain at the synchrotron is necessary for a quantitative study of diffuse intensities which are too weak to be recorded by conventional methods in a laboratory in a reasonable time.
In a dedicated instrument, the intensity may even be increased by a large focusing angle parallel to the orbit plane. A tunable monochromator unit should be used in order to adjust the wavelength to the specific problem and to adapt the resolution volume to position and extension of the diffuse scattering under investigation. For a small Bragg angle, the intensity loss due to the polarization effect would be tolerable. With respect to the background problem, it must be emphasized that, in the presence of slowly varying diffuse phenomena [cf. Fig. 3(b) , homogeneous part], the usual method of performing an empty scan (without sample) and subtracting the parasitic intensity afterwards is -in many casesneither practicable (low intensities) nor reliable (systematic errors). For problems of this kind which are discussed here, an evacuated sample chamber is highly recommended. The formidable resolution of the dedicated instrument can be used for the study of inhomogeneous sample materials on a fine scale. Scanning over the sample with a very narrow focused beam gives information about different stages of order. Even the time dependence of diffuse phenomena might be studied in real-time experiments: change of anisotropy, coarsening, migration of interfaces etc.
